p16 INK4a is active in cell senescence, ageing and tumor suppression. Deletion of the small p16 INK4a / ARF / p15 INK4b region occurs in many cancers. We screened 25 common polymorphisms across the region and 3 related genes for associations with physical functioning in older people.
Introduction
Several recent findings suggest that cancer protection pathways leading to cell cycle arrest and cell senescence are important in ageing (Campisi, 2005; Beausejour and Campisi, 2006) . A key protein in triggering cell senescence is p16 INK4a , which regulates the Rb cancer suppressor pathway (Sharpless, 2004; Herbig et al., 2006) . p16 INK4a is coded for by the CDKN2a locus, situated on chromosome 9p21 in humans (Kim and Sharpless, 2006) , but unusually this locus also codes for a second product, ARF (called p19 ARF in mice), which regulated the p53 cancer suppressor (Quelle et al., 1995) .
The small region (<42kb in Hapmap II) including p16 INK4a / ARF and p15 INK4b is amongst the most frequent lost in human cancer (Kim and Sharpless, 2006) and germline mutations of p16 INK4a /ARF are linked to melanoma and other malignancies (Murphy et al., 2004; Lang et al., 2005) .
p16 INK4a expression and cell senescence can be triggered by various major biological stresses including DNA damage and oxidative stress (Ben-Porath and Weinberg, 2005; Massague, 2004) . Expression of p16 INK4a increases markedly with age (Nielsen et al., 1999; Zindy et al., 1997) , including in many tissues in rodents (Krishnamurthy et al., 2004) , in the skin of aged baboons (Herbig et al., 2006) and in human kidney tissue (Melk et al., 2004) . In addition, transgenic models have recently shown that increased expression of p16 INK4a causes some aspects of ageing in several stem cell and self-renewing compartments, including neural stem cells (Molofsky et al., 2006) , hematopoietic stem cells (Janzen et al., 2006) and pancreatic beta-cells ).
In addition to p16 INK4a / ARF (CDKN2a) and p15 INK4b (CDKN2b) there are related Cyclin Dependent Kinase inhibitors involved at various points linked to the p53 or Rb pathways (Satyanarayana and Rudolph, 2004) .
Physical ageing markers in human populations
While the most popular approach to identifying 'ageing genes' in humans involves comparisons of long lived with younger groups (Melzer et al., 2007) , there is increasing interest in markers of age-related functioning (Barzilai and Shuldiner, 2001; Karasik et al., 2005; Martin, 2005) , from early old age onward. Declines in functional abilities (e.g. slow walking speed, impaired ability to rise from the sitting position, etc) offer good summary measures of health in older people, and are predictive of disability progression and mortality (Guralnik et al., 1989; Guralnik et al., 1995; Guralnik and Ferrucci, 2003) . Many aspects of physical functioning in older people show substantial heritability (Leinonen et al., 2005) , including muscle strength (Reed et al., 1991; Frederiksen et al., 2002; Tiainen et al., 2004) , and gait speed (Carmelli et al., 2000) . Even the self reported SF36 health questionnaire physical functioning sub-score (based on limitations in walking, climbing stairs and certain activities of daily living) had an additive genetic component of 30% (95% CI 27%-45%) in middle-aged male twins in the USA (Romeis et al., 2005) . Measured functional impairments have been shown to be a sensitive phenotype in older people for the ApoE e4 polymorphism (Melzer et al., 2005) and for a polymorphism in the inflammatory marker Interleukin 18 (Frayling et al., 2007) .
In this study we tested the hypothesis that common genetic variants (minor allele frequency (MAF)>0.05) in the p16 INK4a /ARF/p15 INK4b region and three related Cyclin Dependent Kinase inhibitor genes involved in triggering cell senescence are associated with differences in physical functioning in older people.
Materials and methods
Three separate studies of white Europeans were used. An initial sample of 938 participants aged 65 to 80 years from the Norfolk site of the EPIC study (Day et al., 1999) was genotyped for the 25 single nucleotide polymorphisms (SNPs) chosen as tagging the known common variants (Table 1) in the genetic regions covering CDKN1a, CDKN1b, CDKN2a, CDKN2b and CDKN2c.
This initial screening set formed the older part of the control group for a breast cancer gene study (Anglian Breast Cancer Study Group, 2000) : hence all were women. A SNP most closely associated with physical functioning was then genotyped in an additional 1319 EPIC-Norfolk participants aged 65 to 80 years in a second set (including 666 (48%) men). Seven hundred and twenty five participants (including 47% men) from the Italian InCHIANTI ageing study and 419 participants (including 48% men) from the Iowa site of the Established Populations for Epidemiologic Studies of the Elderly (EPESE) (Cornoni-Huntley et al., 1993) were available for further replication of the observed association. This staged design reduced genotyping costs and the need to adjust for multiple testing for statistical significance.
The Population studies
The Norfolk site of the European Prospective Investigation of Cancer study (EPIC-Norfolk) is a large population based cohort (Day et al., 1999) . From 1993 to 1997 participants then aged 45 to 74 years were recruited through general practice registers in Norfolk, England. The sample was 98% white European. Blood for DNA extraction was collected during the second health check in 1998 to 2000. The study was approved by the Anglia and Oxford Multicenter Research Ethics committee and the Norwich Local Research Ethics Committee.
The InCHIANTI study ) is a population study of decline of mobility in late life. The sample is representative of the population of two small towns in Tuscany, Italy. Blood samples were taken at baseline. The participants were all of white European origin. To be consistent with the EPIC-Norfolk study, we have analysed data from those aged 65 to 80 years old only. The Italian National Institute of Research and Care of Aging Institutional Review Board ratified the study protocol.
The Iowa Established Populations for Epidemiological Study of the Elderly (EPESE) is also a population based cohort (Cornoni-Huntley et al., 1993) . Between 1981 and 1983 the entire population aged ≥65 years living in two Iowa counties was surveyed, and follow-up data were collected yearly for seven years. Blood specimens were obtained from those re-interviewed for the sixth annual follow-up in 1988. Of the available sample genotyped for CDKN2a, n=1042 participants were aged 71 to 81 years at follow-up six. Loss to follow-up over the first six years of this study was strongly associated with disability at baseline, which would result in differential attrition of gene variants active in functioning. We therefore restricted the analysis to those who were free of functional impairments at baseline. 81% of the sample reported themselves to be of 'white' European origin, with the remainder mainly reporting unknown origins: the latter were excluded from the analysis, leaving 419 participants.
Measures of physical function
The details of the physical function measures available in the population studies varied, but the content covered was similar. In the EPIC-Norfolk study, the data were from the physical function subscale of the Short Form 36 (SF-36) (Ware et al., 1993) health survey questionnaire. The questionnaire was completed by post (Surtees et al., 2003) using the anglicised version (Jenkinson, 1999) . SF36 subscales have been extensively validated (Kane and Kane RA, 2000) and, as mentioned, the physical functioning subscale has an additive genetic component of 30% (95% CI 27%-45%) (Romeis et al., 2005) . Limitations elicited in the ten question subscale cover the range of physical activities from ability to perform strenuous sports, through moderate activities, climbing stairs and walking various distances, down to basic activities of daily living such as ability to bath and dress oneself.
In the InCHIANTI study, participants were asked during interviews about difficulties performing six Activities of Daily Living (ADL), including bathing, dressing, eating, grooming, toileting and continence, covering the more severe end of physical limitation. Responses were rated 1 'no difficulty', 2 'with difficulty but no help', 3 'with help' or 4 'unable'. Subjects were classified as having an ADL difficulty in InCHIANTI only if they required help or were unable to perform the task: this requirement identified a very disabled group with a low prevalence.
In addition to self reports, the InCHIANTI study included measures of tested physical performance summarized into the highly validated Short Physical Performance Battery Score . Tests included balance, four-meter walks and chair stands. For the balance tests, each subject was asked to stand for 10 seconds with feet in three different stances, side-by-side, semi-tandem and tandem. The gait speed result was defined as the best time (in seconds) of two 4-m walks at usual pace along a corridor during the medical examination. For the chair-stand test, the participants were asked to rise and sit five times as quickly as possible with their hands folded across the chest. The chair-stand and gait speed results were divided into quartiles and participants scored 4 points if their time was within the first quartile, 3 points for the second quartile etc. Those participants who were unable to complete the task were scored 0.
In the Iowa study, Activity of Daily Living questions were similar to InCHIANTI and included difficulties with bathing, grooming, dressing, eating without aid, transferring from bed to chair and using the toilet. Scoring was similar to that in the InCHIANTI study but included all grades of difficulty, not just those involving help. For tested performance in Iowa, the three components of the Short Performance Score were similar to those in the InCHIANTI study, except that the walk test was relatively short (over only 8 feet) and timings were carried out by stop watch, rather than electronic sensors.
Tag SNP selection-For EPIC-Norfolk set 1, we aimed to identify a set of tagging SNPs ( tSNPs) that efficiently capture all the known common variants in each gene (Minor Allele Frequency MAF>0.05). Resequencing data from the NIEHS Environmental Genome Project (EGP) were used, and where resequencing data were not available we used data from the International HapMap Project to select tagging SNPs (21−06−2005: HapMap last public release used for SNP selection). We aimed to define a set of tagging SNPs such that the correlation between each SNP and a haplotype of tagging SNPs (r S 2 ) was >0.8.
Genotyping-EPIC-Norfolk samples were genotyped using the ABI PRISM 7900 sequence detection system or 'Taqman' (Applied Biosystems, Foster City, CA, USA). Similarly, genotyping in InCHIANTI and Iowa-EPESE was by a TaqMan PCR assay: 20ng of genomic DNA was amplified in each assay, with specific probes designed by Applied Biosystems. Following 40 cycles of PCR, fluorescence was measured on a Pherastar plate reader and compared with an internal control ROX dye standard. Genotypes were assigned blind to phenotype using Klustercaller software (Kbioscience). Approximately 10% of samples were duplicated and scored blind, with low error rates: for example, there were 0/232 duplicate errors in InChianti and Iowa-EPESE.
Statistical Analysis-Deviation of genotype frequencies from Hardy-Weinberg equilibrium was assessed by a χ 2 test with one degree of freedom (1df). The power of a SNP in linkage disequilibrium with a second SNP to detect associations due to that second SNP was estimated using the r 2 statistic, which is the square of the conventional correlation coefficient between alleles at the two loci of interest (Cordell and Clayton, 2005) .
Analyses in EPIC-Norfolk and InCHIANTI were on participants aged 65 to 80 years old (71 to 80 in Iowa EPESE), as disability rates of younger participants were too low and in older participants too high to yield useful estimates. These age limits were fixed before replication. In all analyses sex (except set 1) and years of age were included as covariates: inclusion or exclusion of these variables resulted in only small differences in estimates.
The available measures of functioning are most accurate in identifying poor performance and are skewed, with the majority of people scoring in the 'normal functioning' end of the scales. We therefore dichotomised scores for all follow-up association testing across the three studies, identifying a physically 'limited' group to compare to the rest. In the large EPIC-Norfolk dataset, dichotomization aimed to identify the most limited 15% and in the smaller InCHIANTI and Iowa EPESE studies aimed to identify the most limited 25%, although the exact size of groups varied a little depending on the frequency distributions of the original scores. A sensitivity analysis altering these cut-points was done, to check that associations were robust. To calculate the pooled estimates for all the data, dichotomised SF36 and performance measure data (with cut-points identifying the most impaired approximately 15%) were combined, and logistic regression models were adjusted for years of age, sex and study set (EPIC-Norfolk coded 1 & 2, InCHIANTI = 3 and Iowa = 4).
Results
We examined associations between 25 selected SNPs tagging variation in five CDK inhibitors and the SF36 physical performance subscale (SF36-PF), in an initial set of 938 EPIC-Norfolk participants. Genotyping frequencies did not deviate significantly from Hardy-Weinberg equilibrium. Of the SNPs tested, two (rs2811712 and rs3218005) were associated with the continuous SF36-PF score. The rare alleles of each SNP (G allele in both cases) were associated with higher SF36 PF scores, reflecting better function and less limitation. Alleles from these two SNPs tend to be present together (linkage disequilibrium r 2 = 0.83 in hapmap II; r 2 in EPIC-Norfolk set 1 = 0.88) and mark the same haplotype: we therefore selected the rs2811712 SNP as our marker of the shared haplotype for further study, given the marginally stronger statistical significance.
We then analysed an additional 1319 samples from EPIC-Norfolk respondents (Set 2, Table 2 & 3) to replicate the screening result. In set 2, disability levels were lower than set 1 (e.g. 13.4% of common homozygotes scoring less than 20 on the SF36 subscale vs. 19.9% in the set 1 common homozygotes). Lower prevalence of disability reduced power to detect differences and perhaps because of this a smaller odds ratio in the same direction as set 1 was found (OR=1.38: 95%CI: 0.91−2.08) which did not reach nominal significance on its own. Based on all the EPIC-Norfolk data identifying the 15% most disabled respondents, the overall odds ratio per rare allele was 1.46 (95% CI 1.08−1.97; p=0.013).
To confirm the association in an independent population, we next used the InCHIANTI study. In this study data from tests of physical performance were combined into the well validated Short Physical Performance Battery score (see methods). This score is most accurate for poor function, and for a binary outcome of very limited function (selecting <25%) vs the rest (Tables  2 & 3 ) the per allele logistic regression odds ratio was 1.80 (95%CI 1.12−2.89; p =0.015). For the available measure of self-reported number of Activities of Daily Living disabilities requiring help from others (which identified 5% of the sample as disabled), the per allele odds ratio was also significant (OR=7.38, 95%CI 1.01−53.7, p=0.049).
In the final but relatively small dataset, the Iowa EPESE study, the association with incident reported Activity of Daily Living disabilities reached one sided significance in the same direction as above (per allele OR 1.61; 95%CI 0.94−2.74, p-value=0.079). For tested performance (on less stringently measured tests than in InCHIANTI) the point estimate was in line with the previous estimates, but the confidence intervals were wide and the association was not significant (p >0.05).
There are no established cut-points for identifying poor function on the physical impairment scales, as the underlying trait follows a continuous (but skewed) distribution. We therefore performed a sensitivity analysis using different cut-points classifying participants as most disabled. In the InCHIANTI study, dichotomising the Short Physical Performance measure between scores of 8 and 9 (out of 12) classified 12.5% of participants as impaired, and yielded an odds ratio for rs2811712 of 1.80 (95%CI 0.91−3.56, p=0.089). This odds ratio was the same as for the cut-point between scores of 10 and 11, identifying approximately 26% of participants as impaired (Table 3 , OR=1.80: 95%CI 1.12−2.89; p =0.015). For a cut-point in-between (at 9 / 10) that classified approximately 20% of participants as impaired, as used in a previous paper (Frayling et al., 2007) , the association was OR=1.42 ((95% CI 0.88 − 2.29, p=0.150).
For the small Iowa-EPESE study, altering cut points (of 15, 20 or 25%) for physical impairment did not alter the non-significant association reported in Table 3 .
Although there are differences in the details of the functioning measures, the domains covered are similar. To provide an approximate overall summary of the results, we therefore pooled the results based on individual data, identifying the most severely impaired approximately 15% of participants across all three studies. In the sample total of 3372 participants the overall per minor allele odds ratio for the absence of severe physical limitation was 1.48(95%CI 1.17−1.88, adjusted for age, sex and set/study), which was highly significant (p =0.001). Excluding the screening set 1 (which suffered from multiple statistical testing) produced a similar estimate (OR=1.45: 95%CI 1.09−1.92, p=0.010, n=2434). Fig. 1 shows the estimated adjusted prevalence of limited physical function from the overall logistic regression models. The strong 'protective' effect of the minor allele for physical limitation is evident: the overall prevalence of severely limited function declined from 15.0% in the common homozygotes through 10.6% in the heterozygotes to 7.0% in the rare homozygous group. Rates of limitation rise sharply across the 65 to 80 year age range, and the difference in prevalence of severe limitation is approximately equivalent to a four-year difference in age per allele: i.e. those carrying two rare alleles have rates of physical limitation broadly equivalent to the common homozygous group aged eight years younger.
As a secondary outcome, simple measures of cognitive function were analysed in the InCHIANTI and Iowa studies, but no associations were found. As the rare allele of rs2811712 marks variation in the cancer related p16 INK4a / ARF / p15 INK4b (CDKN2a and CDKN2b) locus, we also examined cancer registrations and total mortality for the EPIC-Norfolk cohort. Genotypes for the rs2811712 SNP were available for a total of 7850 respondents in EPICNorfolk from age 45 to 80 years. Allele frequencies were not significantly different by age. An analysis of all those reported as having any cancer from hospital registries found no association with rs2811712 allele count (OR=1.0007; 95%CI 0.81−1.23 p=0.995), and there was no association with total mortality (n=370 deaths, OR=1.16 95%CI 0.90−1.51, p=0.255).
The numbers of respondents with physician diagnoses of specific diseases were small in the available data and association testing with SNP status was underpowered.
The p16 INK4a /ARF/p15 INK4b locus operates to modulate the expression of many genes including in the Insulin like Growth Factor 1 (IGF1) signalling system. Measures of free and total IGF1 levels were available in the InCHIANTI study only. In logistic regression models adjusted for age and sex (age-group 65 to 80 years) there was a strong association between the rs2811712 rare allele and higher free IGF1 levels (regression coefficient 0.11, p = 0.004). There was no significant association with total IGF1 levels or with fasting insulin levels.
Discussion
In a survey of 25 SNPs tagging variation in five Cyclin Dependent Kinase Inhibitors, we identified the rs2811712 SNP (which lies 3.5 kb proximal to the p16/ARF locus) as significantly related to physical function in a heterogeneous older human population. Our screening findings were then supported by further samples from the EPIC-Norfolk study, and from the independent InCHIANTI and Iowa-EPESE population studies. Using either the replication samples alone (p=0.010 excluding the multiply tested screening set 1) or all the data (p=0.001), there were significant associations between the minor allele and a lower prevalence of limited physical functioning. Overall the prevalence of severely limited function declined from 15.0% in the common homozygotes through 10.6% in the heterozygotes to 7.0% in the rare homozygous, in the 65 to 80 year age group studied. This difference is approximately equivalent to a four-year delay in this key aspect of ageing, per rare allele.
In evaluating these results there are a number of study strengths and weaknesses that need to be considered. The presence of data from three independent representative population studies all tending to show the same trends with genotype is clearly a strength. However, the physical functioning measures varied between studies, although all were designed to identify overlapping aspects of physical functioning. Different measures of functioning are likely to classify milder grades of disability in slightly different ways, but are also likely to have high levels of agreement on severe disability: therefore our analysis focussed on the most impaired group. Both self reported Activity of Daily Living difficulties and performance tests are predictive of mortality, with the self reports performing particularly well in more physically limited people (Reuben et al., 2004) . Performing a meta-analysis of the data across measures (with dichotomisation identifying very limited functioning) is therefore unlikely to have been problematic, and has the advantage of providing a quantitative summary of effects across the studies.
A second point is that in the original 'screening' sample (Set 1) in EPIC-Norfolk, multiple statistical tests were undertaken: in addition to the 25 CDKN SNPs, over 600 other SNPs have been tested in this genetic association study program. To deal with multiple testing, the study design involved hypothesis driven replication in further samples and in independent datasets. The finding of similar trends or significant associations in the same direction in the independent EPIC-Norfolk set 2, InCHIANTI and Iowa samples increases the chances that the association is real, as testing of these was based on the a priori hypothesis from set 1, and did not suffer from multiple testing. Importantly, the overall replication effort showed the same association and was statistically significant (p=0.010) excluding the screening set 1.
Finally, the EPIC-Norfolk set 2 data and the Iowa-EPESE performance measures did not reach one sided statistical significance on their own, but central estimates in both cases were in the same direction as the overall effects. The low prevalence of impairment in set 2 and the small sample size in the Iowa-EPESE dataset are sufficient to explain the lack of nominal significance, although it is clear that the overall trend in all the data is in the same direction. The absence of nominal significance in an individual sample is not, of course, evidence of lack of association, and meta-analysis of all the available data provides the most robust estimate of overall significance. (Molofsky et al., 2006) , hematopoietic stem cells (Janzen et al., 2006) and pancreatic beta-cells indicates that p16 INK4a is an active factor in ageing in laboratory models. Our findings of a common variant of the p16 INK4a /ARF / p15 INK4b region associated with less physical ageing is consistent with the p16 INK4a models. As far as we are aware our finding is the first direct evidence that the p16 INK4a /ARF /p15 INK4b region does have an active role in ageing processes in the heterogeneous older human population. More work is now needed to demonstrate each of the steps linking the polymorphism through gene expression to cell senescence, effects on organ function and to the overall reduction of physical impairment.
Clearly, more work is also needed to replicate and confirm the associations of the identified haplotype with poor physical functioning in independent study populations. Replication efforts should preferably include groups other than Caucasians. If confirmed, the identified haplotype needs to be characterised further, identifying the mechanisms of its effect. Larger epidemiological studies will be needed to identify any effects on specific disease incidence and overall mortality.
Conclusions
Increased p16 INK4a activity plays a pivotal role in triggering cell senescence and protection from malignancy, but such protection is also associated with acceleration of some aspects of ageing in laboratory models. We have shown that a common inherited (germline) variant of the p16 INK4a /ARF / p15 INK4b genetic region is strongly associated with reduced limitation in physical function in people aged 65 to 80 years, although further replication is needed in independent populations. These findings provide the first direct evidence for an active role for the p16 INK4a /ARF / p15 INK4b region in the physical ageing processes in heterogeneous human populations. Percentage with severely limited physical function by rs2811712 genotype, all studies combined (participants aged 65 to 80 years, per minor allele adjusted logistic regression p=0.001)* Note: * age, sex and set/study adjusted, logistic regression model based estimates Table 2 Unadjusted numbers by rs2811712 status and study, with unadjusted percentages of participants classified as physically limited on dichotomized measures in each group. 
